ABSTRACT--A force transducer for measuring lift and drag U coefficients for a circular cylinder in turbulent water flow is V presented. In addition to describing the actual design, con-
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Introduction
Theoretical prediction of flow-induced forces acting on bluff bodies is in the very early stages of development. Therefore experimental measurement of these forces must still be relied upon. Toward this end, a force transducer was sought to provide the fluid forces for vibration analysis of circular cylindrical beams in homogeneous, turbulent crossflow. A water medium was stipulated because the applications of interest are typically in dense fluids. Although the fluid forces on relatively rigid components could be obtained with most fluid media and proper hydraulic scaling, the eventual goal is to measure the fluid forces where beam motion and fluid-flow interaction occur. The required ~ simulation of relative structural and fluid mass are more convenient using dense fluids.
For analysis of beams, characterization of the force per unit length is required and can be accomplished in more than one way. The pressures at each point around the circumference of the cylinder can be measured and integrated to obtain the resultant force. 2 Alternatively, a force transducer whose sensing element is a finite-length circumferential segment (Fig. 1) of the cylinder has the advantage of measuring an integrated force per unit length directly.~ The difficulty of the force-ring transducer is that rather complicated multicomponent sensing devices must be constructed in a small space for a wide variation in the character of the forces. However, a force-ring transducer was sought because of the difficulties in maintaining time references and amplitude scaling in the integration of pressure to obtain resultant forces, and because measurement of pressures in pressurized water also requires considerable instrumentation effort and interpretation of the data.'
Flow-Facility Constraints
The physical size of a crossflow force transducer, incorporated inside a test cylinder, is invariably linked to the flow capacity of the available test facility. Essentially, to duplicate the high Reynolds numbers (104 to l0 T based on cylinder diameter) of the turbulent flows prevalent in industry, the area of the experiment's flow channel is made as small as feasible to achieve high-flow velocities. For a given ratio of test-cylinder projected area to flowchannel area, which is called solid blockage, a smaller flow-channel area will produce a larger Reynolds number, based on tube diameter. The minimum feasible flowchannel area is determined by the available pumping head of the test facility, and, more importantly, by the minimum size of the cylinder and transducer which can make the desired measurements.
A cylinder diameter of 25.4 mm (1.0 in.) was chosen to allow room for a transducer and to minimize the interaction of the cylinder's wake with the walls of the flow channel. The solid blockage of the cylinder was maintained below eight percent to minimize the velocity increase caused by the flow 'squeezing' between the cylinder and the flow-channel walls. Of course, elimination of the walls is desirable but not practical. Based on existing data, 3.7,s corrections to force measurements are not significant for this small blockage. Since the fluid forces on a long cylinder in turbulent crossflow were not expected to be correlated beyond axial distances of three diameters based on nonturbulent flow results, 5 a cylinder length of 0.31 m (12 in.) was chosen to achieve twodimensional flow near the center of the cylinder where force measurements would be made. However testing showed that six diameters was not adequate to avoid wallboundary layer effects. Therefore end plates were added to assure two-dimensional flows. 6
Based on the constraints defined above, a 0.31-m (12-in.)-square flow channel was added to the available flow facility which could provide flow velocities up to 5.5 m/s (18 ft/s) with an available pressure head of approximately one-half megapascal (75 psi). For this flow velocity and a test cylinder size of 25.4 mm (1 in.), the maximum Reynolds number attainable, with room-temperature water, was 2 • l0 s. The available pressure head limited the intensity of the turbulence which could be produced by grids placed upstream of the test cylinders, but turbulence intensities of 2-15 percent at integral length scales of 0.5-2 cylinder diameters were produced. This range of intensity was expected to identify the major effects of turbulence on the fluid forces, even though more severe turbulence conditions can be found in some industrial applications.
Design Requirements
Three forces are of interest for a cylinder in crossflow: the steady drag force in the direction of the flow, the fluctuating drag force in the direction of flow, and the fluctuating lift force normal to the flow and the axis of the cylinder. The fluctuating forces are caused by a combination of vortices being shed in the wake and the turbulence in the flow (see Fig. 1 ). The interaction of the turbulence with the shed vortices is the subject of current research for which the force transducer is intended. A transducer was desired that could measure all the forces.
Information for establishing the transducer design criteria was limited because most force measurements had been made in smooth-flow wind and water tunnels where turbulence was maintained at a minimum. Turbulent flows have long been known to affect fluid forces, but only a few studies had been made to quantify the effects for circular cylinders 2.7.8 prior to testing. Although attenuated in intensity and broadened in spectral content by turbulence, vortex shedding remains a dominant source of the fluctuating forces in turbulent flows below transition Reynolds numbers of 3 • 105 based on the mean flow velocity U and cylinder diameter D.
For low-turbulence intensities, the lift-force frequency spectrum is contained in a narrow band centered around the vortex shedding frequency.
For intense turbulence the lift-force spectrum begins to look like the turbulent-velocity spectrum: a relative constant spectrum up to a cutoff frequency less than fv. Thus, the lowest structural frequency of any forcemeasuring transducer should be well above fv to eliminate spurious signals caused by the dynamic (inertial) response of the transducer. Essentially a transducer which responded statically was desirable. Assuming the fluid force is concentrated at fv and the transducer can be modeled as a one-degree-of-freedom spring-mass system, then separation of the fundamental frequency and fv by a factor of ten would limit the inertial response of the transducer to one percent of its static deflection. This was acceptable. The fluctuating drag force is usually on an order of magnitude smaller than either the steady drag or the fluctuating lift force. It occurs at a frequency twice that of the fluctuating lift, where dynamic response of the transducer is an acceptable four percent of the static deflection.
The fluid force to be measured is primarily due to vortex shedding in the wake flow and occurs below fv. However, much smaller forces at higher frequencies exist due to the turbulence in the flow which are not of interest but can excite the transducer at its fundamental frequency. Signals at the resonant frequency which could mask the force signals were eliminated by low-pass filtering, a technique made possible by the relatively high transducer resonant-frequency requirement. Without filtering, the force signal could dominate the desired wake-force signal. For instance, at a relatively high structural damping of ten percent of critical damping, and assuming a force ten percent as large as that occurring near the vortexshedding frequency (not an unreasonable estimate especially for small-scale highly turbulent flow) deformation of the transducer at resonance would be comparable to that caused by the vortex-shedding force, again based on a single-degree-of-freedom system. Surface roughness is known to change the character of the vortex-shedding process in ways similar to the expected effects of turbulence in the flow. It therefore has to be minimized in order to study the effects of flow turbulence. Essentially, surface roughness influences the fluid forces in two ways: degradation of the correlation of the vortices along the length of the cylinder, and thickening of the boundary layer. The latter effect only occurs for very rough surfaces and will not be considered further. The former effect is of concern.
In nonturbulent flow across smooth, stationary cylinders, wake-flow measurements 12 have shown that the vortices are shed as two-dimensional sheets, three to six diameters
